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Abstract At present several methods are available to
predict the durability of reinforced concrete structures.
In most cases, one dominant deterioration process such
as carbonation or chloride penetration is taken into
consideration. Experimental results as well as obser-
vations in practice show that this is not a realistic and
certainly not a conservative approach. In order to test
more realistically, RILEM TC 246-TDC, founded in
2011, has developed a method to determine the
durability of concrete exposed to the combined action
of chloride penetration and mechanical load. In this
report, a test method is presented which allows
determination of realistic diffusion coefficients for
chloride ions in concrete under compressive or tensile
stress. Comparative test results from five different
laboratories showed that the combination of mechan-
ical and environmental loadsmay bemuchmore severe
than a single environmental load without mechanical
loading. Modelling and probabilistic analysis also
showed that the obvious synergetic effects cannot be
neglected in realistic service life prediction.
Keywords Concrete durability  Service life
prediction  Chloride ion diffusion  Compressive
stress  Tensile stress  Combined actions
1 Introduction
The design of load bearing structures has a long
history in civil engineering. In Europe it is now based
on Eurocode 2 [1]. Similar codes for structural design
exist in other regions (see for example [2–4]). In the
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last decade, a Model Code for service life design [5]
has been set up analogous to Eurocode 2. In this
approach the stress is replaced by environmental
actions such as carbonation, chloride penetration, and
freeze–thaw attack with and without de-icing agents.
The mechanical resistance is replaced by the resis-
tance of concrete to environmental actions such as
carbonation, chloride penetration or freeze–thaw
cycles.
Based on this concept, the following limit states can
be formulated: (1) corrosion initiation induced by
chloride ingress or carbonation, (2) cracking due to
steel corrosion, (3) spalling of concrete cover due to
steel corrosion, and (4) structural collapse due to
corrosion of reinforcement. The Model Code provides
four different options for service life design: (1) full
probabilistic approach, (2) semi-probabilistic
approach, (3) deemed to satisfy rules, and (4) avoid-
ance of deterioration. Based on the Model Code, the
safety of structures exposed to environmental actions
can be expressed in terms of a reliability index b in a
similar way to common practice in structural design.
The actual service life of reinforced concrete
structures, and of bridges in particular, is in many
cases significantly shorter than the designed service
life (see for example ASCE 2013 Report Card [6]).
According to this report, more than 20% of bridges
in the United States are structurally deficient or
functionally obsolete. A similar situation exists in
many industrialized countries. As a consequence, it
has become difficult to keep pace with the growing
costs for maintenance and repair of the aging
infrastructure.
The Model Code for service life design [5] may be
considered to be a significant step forward because
durability and service life of reinforced concrete
structures can be taken into account during the design
stage. According to the Model Code, the necessary
material parameters such as the inverse carbonation
resistance or the chloride migration coefficient have to
be determined under well-defined laboratory condi-
tions. In recent years, however, it has been shown that
these parameters also depend on an applied stress. For
example, the rate of chloride penetration can be
doubled [7, 8] under the effect of an applied tensile
stress. Hence, if the effect of an applied stress is not
taken into consideration, the prediction of service life
will not be realistic.
Before relevant comparative tests were started by
members of the TC 246-TDC the state-of-the-art of
this topic was carefully investigated. As a result, a
comprehensive annotated bibliography was published
in 2013 [9]. These publications served as a starting
point for the investigations described in this article.
2 Experiments and materials
2.1 Preparation of specimens
Research groups in five laboratories participated in the
comparative test series: (1) Chinese Building Materi-
als Academy (CBMA), (2) Ghent University (UGent),
(3) Delft University of Technology (TU Delft), (4)
Technical University of Munich (TUM), and (5)
Dalian University (DALIAN U.) They were asked to
prepare concrete specimens with identical geometry
and dimensions. It was suggested that Portland cement
Type I, corresponding to Chinese National Standard
GB 175 [10], EN 197 [11] or ASTM should be used.
All the groups were asked to add an amount of
polycarboxylate superplasticizer to the fresh concrete
necessary to produce a slump of approximately 15 cm.
Concrete prisms with dimensions 100 9 100 9
400 mm were produced for tests under compression.
Dumbbell specimens as shown in Fig. 1 were pro-
duced for tests under tension.
Except TUM, the compressive strength of the
concrete prisms was usually determined at an age of
28 days. The results are shown in Table 1. The tensile
strength of the dumbbell specimens at an age of
28 days determined at CBMAwas 3.3 MPa. As can be
seen, a wide range of compressive strengths is
covered.
The internal faces of all moulds were covered with
a thin Teflon film to avoid the water repellent effect of
demoulding oil. After casting, the specimens were
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stored for 24 h under plastic sheets in a climatic
chamber maintained at 20 C and a relative humidity
of about 95%. The specimens were then de-moulded
and stored in tap water at 20 C until testing.
Before testing, the specimens were taken out of the
water bath and the excess surface water removed with
a clean, dry towel. The surfaces were immediately
sealed with two layers of self-adhesive aluminium foil.
A window with dimensions 80 9 160 mm2 on one
moulded side surface was left open. This surface was
temporarily covered to prevent drying until a plastic
tank containing salt solution was attached to the
surface. The tank with inner dimensions of
80 9 160 9 50 mm was glued or clamped to the
specimens, covering the open window. As soon as the
tank was filled with salt solution, chloride could
penetrate into the concrete by diffusion. Due to
incomplete saturation and further hydration of cement,
capillary absorption could not be completely avoided.
Nevertheless, the apparent diffusion coefficients
obtained from chloride profiles in this experiment
characterize the diffusion of chloride in water-satu-
rated concrete. For the prediction of chloride penetra-
tion into real concrete structures the environmental
climatic conditions have to be taken into
consideration.
2.2 Test methods
2.2.1 Specimens under compression
Compressive stress was applied to the concrete prisms
using a test rig as shown in Fig. 2, which fulfils the
requirements of the Appendix of RILEM TC 107-CSP
[12]. The compressive stress ratio, i.e. ratio of applied
stress to compressive strength, was chosen to be 0, 30,
and 60%. A 3 wt% aqueous sodium chloride solution
was circulated from a reservoir through the plastic
tank at a rate of 5 ± 1 ml/s. The concentration of the
solution was checked regularly and at least once a
week during the whole exposure period. The reservoir
was sealed with a lid to avoid evaporation and
contamination. The specimens were unloaded after
exposure times of 2, 6, 18 and 36 weeks, or any other
given duration, after which the specimens were ready
for chloride profile determination.
2.2.2 Specimens under tension
In order to connect the dumbbell specimens to the
testing rig, four bolts were fixed at each end of the
mould before casting (Fig. 1). A special test rig was
designed for application of a given tensile stress. The
Fig. 1 Shape and dimensions of dumbbell specimen for tests under tension
Table 1 Compressive strength at 28 days of concrete prepared in five different laboratories
Laboratory CBMA UGent TU Delft TUMa DALIAN U.
Prism strength (MPa) 36.6 56.9 40.7 34.0 26.2
a Prism strength of TUM was determined at an age of 146 days, just before the prisms were subjected to the combined loading
regime (mechanical load and chloride loading)
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bolts on the ends of the dumbbell specimens were
screwed to two steel plates joined to the spherical
hinges of the test rig (Fig. 3). In this way, any
eccentricity of the tension specimens could be avoided
as much as possible. Similar test rigs following the
same principle can also be used in other cases. Tensile
stress ratios, i.e. ratio of applied tensile stress to the
ultimate tensile stress, of 0, 50 and 80% were used in
the experiments. The operation of the tensile setup is
described in more detail in Ref. [13]. The chloride
solution was circulated to the open windows of the
dumbbell specimens in the same manner and rate as
for the specimens under compression. The circulation
of the salt solution was stopped and the dumbbell
specimens were unloaded after exposure times of 2, 6,
18 and 36 weeks. Chloride profiles in the concrete
specimens were then determined. For other applica-
tions different periods of chloride penetration under
tensile stress can be chosen.
2.3 Determination of chloride profiles
First the plastic tank was removed from the unloaded
specimens. Care must be taken that the concrete
surface is protected from drying before the milling
process begins, because drying will modify the
chloride profile. Powder samples from the exposed
surface of all specimens were obtained by milling
layers in steps with a thickness of 1–2 mm. The
number and thickness of the layers was adjusted
according to the chloride profile expected. Aminimum
of eight measuring points should be distributed on the
descending branch of the profile. In order to avoid
edge effects, and the effect of the glue on the self-
adhesive aluminium foil, sampling was performed
over an area with at a distance of 10 mm from the
border of the exposed region. Particles with a diameter
of more than 1 mm may exist in powder which is
obtained by milling or crushing with subsequent
grinding. In this case special care has to be taken to
assure sufficient time for the extraction of the chloride
from the powder using acid. The powder was digested
in acid before chemical analysis of chloride content
has been made according to EN 14629 [14]. It is
recommended that the tests are performed at least in
triplicate for the determination of average chloride ion
diffusion coefficients.
3 Test results
3.1 Effect of compressive stress
3.1.1 Chloride profiles as measured at stress ratios
of 0 and 30%
The chloride profiles obtained in different laboratories
at stress ratios of 0 and 30% are presented in Figs. 4, 5,
6 and 7. The results obtained at UGent are shown
separately (Figs. 4 for 0%, 5 for 30% stress ratio)
because of the different exposure times and higher
number of data points obtained per profile. The latter
was considered to be important especially for longer
Fig. 2 Experimental setup for determination of chloride
diffusion into concrete under compression
Fig. 3 Experimental setup for tension tests
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diffusion periods and for high stress ratios. Moreover,
the scatter of values obtained in one laboratory can be
estimated from these figures, because profiles mea-
sured with two similar specimens are shown.
As apparent in Figs. 4 and 5, all chloride profiles
show a smooth decrease in chloride content with
increasing distance from the surface. Near the surface,
however, more scatter is observed. After longer
exposure times a plateau is present adjacent to the
surface. This clearly underlines the well-known fact
that chloride penetration cannot be explained by pure
diffusion. A series of different mechanisms, such as
capillary absorption, chemical reactions with the
porous matrix, sorption processes on the huge surface
of hydration products, all affect the transport of ions
through the pore space of concrete. Nevertheless, it
can be seen that significantly less chloride penetrates
into concrete under the influence of an applied
compressive stress.
Figure 6 presents the chloride profiles obtained
with unloaded specimens obtained at the other four
laboratories involved in the comparative test series
and Fig. 7 the chloride profiles for a stress ratio of
30%. It is not surprising that a large scatter of the
chloride profiles occurs because the compressive
strengths of the tested concrete specimens are differ-
ent. In addition, values fromDALIANU. represent the
water soluble chloride content while the other values
were obtained by acid extraction.
3.1.2 Chloride profiles measured at 60% stress ratio
Figure 8 shows typical profiles determined at UGent at
a stress ratio of 60%. In particular after longer
exposure times, the chloride profiles differ from the
usual shape Fig. 8. A plateau is present at small
distances from the surface. As mentioned above, this
cannot be due to a simple diffusion process alone. This
zone near the surface may be referred to as the
convection zone. Most authors suggest that only the
values behind the convection zone should be used for
the determination of an apparent diffusion coefficient.
Thus the values to the right of the vertical lines serve
as a basis for fitting the error function.
The results shown in Fig. 8 underline again the fact
that chloride penetration is not a pure diffusion
process. Determination of a diffusion coefficient is a
simplification of a complex process. The values
obtained may nevertheless be used for comparison of
different types of concrete.
The chloride profiles as determined by the four
other groups for an applied stress ratio of 60% are
plotted in Fig. 9. A large scatter of the data is apparent.
This is, among other effects, also due to the different
quality of the concretes tested (Table 1). Nevertheless,
fitting the data with Fick’s second law may be
considered to be a reasonable approximation. Infor-
mation on how to perform the fitting procedure is
given in EN 12390-11: 2015 Annex F [15]. Recom-
mendations on how to present and evaluate the
chloride profiles are provided in the Recommendation
of RILEM TC 246-TDC Influence of Applied Stress
on Chloride Diffusion [13].
3.1.3 Diffusion coefficients and surface
concentrations from profiles determined in five
laboratories
The diffusion coefficient D and the surface concen-
tration Cs obtained by the five participating laborato-
ries: UGent, CBMA, TU Delft, TUM, and DALIAN
U. are presented in Fig. 10. The diffusion coefficients
and surface concentrations were determined by curve
fitting according to EN 12390-11: 2015 Annex F [15].
The large scatter of the values is mainly due to the fact
that the quality of the tested concrete was not the same.
Fig. 4 Chloride profiles measured at UGent after 8, 15 and 39 weeks for similar concrete specimens without applied stress
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From Fig. 10 it can be concluded that the diffusion
coefficients tend to decrease with exposure time while
the calculated surface concentrations increase. All the
values for the diffusion coefficients tend to stabilize at
values approaching (3 * 4) 9 10-12 m2/s for long
exposure time (36 weeks). The calculated surface
concentration stabilizes around 0.5% for the same
exposure age.
At a load of 30% of the ultimate failure load, the
diffusion coefficients were usually similar or lower
than in the unloaded situation. At a load of 60%, the
situation was less clear. Similar, higher or lower
diffusion coefficients were determined in the different
laboratories. In some cases, a convection zone near the
surface formed as apparent in Figs. 8 and 9. The data
therefore partly agree with the literature which states
that chloride diffusion under moderate compressive
load is slower, but increases if the applied load is over
half of the ultimate load [9].
3.2 Effect of tensile stress
3.2.1 Chloride profiles at tensile stress ratios of 0, 50
and 80%
The chloride profiles determined for concrete speci-
mens under tensile stress are shown in Fig. 11. The
profiles were determined after exposure times of 2, 6,
10, 18 and 36 weeks. It can be clearly seen that the
chloride content increases steadily with increasing
exposure time. The chloride content at a given depth
increases significantly when tensile stress is applied.
This result was expected since the pore space or the
micro-cracks are widened under tensile stress.
Fig. 5 Chloride profiles measured at UGent after 8, 15 and 39 weeks for similar concrete specimens at a compressive stress ratio of
30%
Fig. 6 Chloride profiles
measured in four different
laboratories after exposure
times of 2, 6, 18 and
36 weeks for specimens
without applied stress
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3.2.2 Diffusion coefficients and surface
concentrations measured under tensile stress
As mentioned above, the penetration of chloride into
concrete is a complex process which may be simulated
by assuming that diffusion represents the combination
of several transport mechanisms. This must be kept in
mind when diffusion coefficients are determined. The
diffusion coefficients and calculated surface concen-
trations are shown in Fig. 12.
It is apparent in Fig. 12 that the diffusion coeffi-
cient of concrete under tension increases with increas-
ing stress ratio and decreases significantly with
exposure time. Application of tensile stress accelerates
Fig. 7 Chloride profiles
measured in four different
laboratories after exposure
times of 2, 6, 18 and
36 weeks for specimens at a
stress ratio of 30%
Fig. 8 Chloride profiles
measured at UGent after
exposure times of 2, 8, 19
and 34 weeks for specimens
at a compressive stress ratio
of 60%
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chloride diffusion in concrete. Despite the large
scatter, it can be seen that the calculated surface
concentration increases slightly with increasing expo-
sure time.
4 Modelling and prediction
4.1 Modelling
Reinforced concrete structures which are exposed to
de-icing salt or seawater can be damaged by chloride
induced reinforcement corrosion. The fib Model Code
for Service Life Design, fib bulletin 34 [5], provides a
transport model for predicting the time-dependent
probability that reinforcement corrosion is initiated.
The transport model considers the time at which a
critical chloride content at the depth of the reinforce-
ment is reached in dependence of the concrete
characteristics and chloride exposure. Further expla-
nations on relevant input data and example calcula-
tions are available in fib bulletin 76 [16]. According to
[5] and [16], transport of chlorides into concrete can be
modelled with Eqs. 1–3, [16]. Here, Eq. 2 was
extended by a so-called stress factor kl which takes
the actual stress condition of the structural member
into account.
Cðcnom; tSLÞ ¼ Ci þ ðCs  CiÞ
 erf cﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Dapp;Aðt0Þ  t
p
 !" #
ð1Þ
Dapp;AðtÞ ¼ ke  kl  Dappðt0Þ  t0
t
 aA ð2Þ
ke ¼ exp be  1
Tref
 1
Treal
  
ð3Þ
cnom is the nominal concrete cover; tSL the design
service life; Ci the initial chloride content; CS the
chloride content at the concrete surface; c the concrete
cover; Dapp,A the apparent chloride diffusion coeffi-
cient; t0 the reference point in time; t the time; ke the
transfer parameter; aA the aging exponent; be the
temperature coefficient; Tref the reference tempera-
ture; Treal the temperature of the structural element or
the ambient air.
In the following study the service life (given by the
time to corrosion initiation) is compared for concrete
components which are not loaded and components
subjected to compressive and tensile stress.
The study corresponds to a case study already
presented in [16], Table A.2-15 which has been
considered due to its similarity in concrete material
(CEM I-concrete of w/c = 0.45, unloaded). The case
Fig. 9 Chloride profiles
measured in four different
laboratories after exposure
times of 2, 6, 18 and
36 weeks at a compressive
stress ratio of 60%
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Fig. 10 Chloride diffusion coefficients and surface concentrations determined from experimental data obtained in five laboratories.
a UGent, b CBMA, c TU Delft, d TUM, e DALIAN U
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study in fib bulletin 76, which is recalculated here for
loaded concrete members, represents a typical XS2-
exposure (member immersed in seawater) in Portugal
(Europe). Most of model input parameters, especially
the variables characterizing the environmental load,
were taken from Table A.2-15 of fib bulletin 76.
However, input variables to characterize the concrete
material (Dapp(t)) were derived from the above
experiments. The material parameters used in the re-
calculation was averaged data of all five laboratories
(CBMA, UGent, TU Delft, TUM and DALIAN U.)
participating in the experimental program. The aver-
age diffusion coefficient determined after six weeks
(t0 = 0.115 years) for unloaded specimens was taken
as the reference value (the mean was
6.52 9 10-12 m2/s, the standard deviation was
2.88 9 10-12 m2/s), Table 2. All the other load
conditions were calculated with a stress factor kl, in
which kl = 1 for the reference, kl = 0.80 for stress
ratio 0.3 (compression), kl = 1.17 for stress ratio 0.6
(compression), kl = 1.25 for stress ratio 0.5 (tension)
and kl = 1.53 for stress ratio 0.8 (tension).
In order to determine an age exponent, the exposure
time should be as long as possible (minimum 2 years).
However in this study, the maximum exposure time
was only 36 weeks. In total 15 series were investigated
(five labs, 3 different stress levels), Thus 15 ‘‘short
term’’ age exponents, Fig. 10, could be calculated
according to [16], approach A. Table 2 contains not
only information on aA, but also shows the general
input parameters in accordance with [5].
4.2 Prediction
The reliability of chloride-exposed concrete members
without load and under compressive stress or tensile
Fig. 11 Chloride profiles determined after 2, 6, 10, 18 and 36 weeks under tensile stress with stress ratios of 0, 50 and 80%
Fig. 12 Chloride diffusion
coefficients and calculated
surface concentrations of
concrete under tension
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stress, is given in Fig. 13. All calculations of this
exemplifying case study are performed using the
software STRUREL (Structural Reliability
Analysis Software).
In order to obtain values on the effect of loading on
service life, the service life was defined to be reached
when the reliability drops below a defined minimum
reliability of b = 0.5. Based on this definition, the
service life was determined for each of the five curves
in Fig. 13 and the relative service calculated with
respect to the reference, Fig. 14. Figure 14 shows that
the service life of elements loaded by 30% of
compressive strength was on average prolonged by a
factor of 1.36 compared to the reference; the service
life of elements loaded by 60% of compressive
strength was on average shortened by the factor of
0.82 in comparison to unloaded elements. It is should
be pointed out that at compressive stress ratio of 60%
only two out of the five laboratories found a remark-
able increase in diffusion coefficient (which is linked
to shortened service life), the others found a small
decrease in diffusion coefficient. From the data
presented here we may conclude that further tests will
be needed to get more precise information on the
effect of loading condition on service life of reinforced
concrete elements. It should be underlined in this
context that the main aim of RILEMTC 246-TDCwas
to develop a suitable test method.
If tensile stress was applied, the service life was
shortened compared to the reference by a factor of
0.70 (50% tensile strength stress) and 0.53 (80%
tensile strength).
Table 2 Input parameters
for the service life
prediction
Parameter Unit Distribution type Mean Standard deviation a b
Dapp(t0) 10
-12 m2/s Normal 6.52 2.88 – –
aA – Beta 0.39 0.18 0 1
t0 Years Constant 0.115 – – –
t Years Constant 50 – – –
Tref K Constant 293 – – –
Treal K Normal 288 5.0 – –
be K Normal 4800 700 – –
CS, D wt%/cem Lognormal 3.0 1.0 – –
Dx mm Constant 0 – – –
CCrit wt%/cem Beta 0.6 0.15 0.2 2.0
c mm Normal 50 6 – –
Fig. 13 Calculated reliability index for chloride-exposed con-
crete members without load (reference) and under compressive
or tensile load (two stress ratios)
Fig. 14 Relative service life (rel. TSL) of chloride-exposed
concrete members without load (reference) and under compres-
sive or tensile load (two stress ratios)
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5 Conclusions and outlook
The main task of RILEM TC 246-TDC was to develop
a test method to study the effect of applied compres-
sive and tensile stress on the rate of chloride penetra-
tion. The experimental results presented in this report
show that the state of stress should be taken into
consideration in order to make durability and service
life design more reliable and realistic.
As mentioned in the introduction of this report
already, RILEM TC 246-TDC has opened a new field
of research aimed at making the design of reinforced
concrete structures with respect to durability and
service life more realistic and reliable by taking the
combination of applied mechanical stress and envi-
ronmental load into consideration. It was initially clear
that this task could not be finished within the duration
of one single RILEM TC. Despite this a start has been
made which now requires a well-structured continu-
ation. The effect of an applied stress on chloride
diffusion was measured and a recommendation for the
test method was formulated. The results obtained
already allow an estimation of the effect of an applied
stress on durability and the service life of reinforced
concrete structures exposed to a chloride containing
environment. If the recommended test method is
applied, the specific behaviour of different types of
concrete subjected to stress can be taken into
consideration.
In the future, more work will be necessary in order
to investigate the effect of an applied stress, for
instance on the rate of carbonation and freeze–thaw
resistance. Results described in the final report of
RILEM TC 246-TDC clearly show the need for
follow-up investigations. Future technical committees
could have the common task of providing a solid basis
for taking the effect of an applied stress on durability
and service life into consideration. In this manner, the
actual situation of the built infrastructure in many
countries could be substantially improved in a sys-
tematic way. The next step should be to perform
similar test series on concrete exposed to carbonation
and to formulate a standard method that will allow
determining the effect of an applied tensile or
compressive stress on the rate of carbonation.
For a generally realistic and reliable service life
prediction the effect of cyclic stress has to be taken
into consideration too. So far, however, only very
limited data exist on this topic [9].
In this report an experimental method to study the
effect of mechanical load on chloride penetration into
the pore space of cement-based materials is described
in detail. In fact, the service life of reinforced concrete
structures depends on a multitude of possible combi-
nations of mechanical load and environmental actions,
including freeze–thaw cycles. Frost action has been
studied in detail by two RILEMTCs, TC 176-IDC [17]
and TC 117-FDC [18]. Recommendations published
by these two RILEM TCs were based on a series of
comparative test series and results were evaluated
according to ISO 5725 [19]. Now the essential results
of these two TCs are part of European standardization.
The cracks formed during freeze–thaw cycles and
frost suction in particular will have to be taken into
consideration in future tests on combined environ-
mental and mechanical loading [20].
In order to achieve a better understanding and a
systematic description of the effect of the combination
of mechanical load with environmental actions on the
durability and service life of reinforced concrete
structures, a numerical model for damage processes
in the composite structure of concrete has to be
developed. This model could be tested by comparison
with appropriately measured data. It could be helpful
to predict the behaviour under different load
combinations.
As well as experimental test series and numerical
simulations, the actual method of predicting durability
and service life has to be developed further in order to
enable easy use of experimental data for a realistic
service life prediction.
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